Aim: The effect of polymyxin B-immobilized fiber column direct hemoperfusion (PMX-DHP) is controversial. The present study investigates whether outcome in septic shock patients is affected by the time until PMX-DHP initiation and the location of the infection site (intra-or extra-abdominal infection (IAI/EAI)].
INTRODUCTION
S EPSIS IS DE fined as severe infection with organ dysfunction resulting from dysregulated host response; mortality from sepsis and septic shock remains high. 1 Inflammatory responses to infection are enhanced by pathogen-associated molecular pattern molecules, such as endotoxin, a lipopolysaccharide component of the outer membrane of Gram-negative bacteria. 2 Polymyxin B-immobilized fiber column direct hemoperfusion (PMX-DHP) can selectively adsorb endotoxin and theoretically prevent the progression or halt the sepsis cascade and decrease inflammatory humoral mediators. 3 The efficacy of PMX-DHP has been evaluated in many studies, including three major randomized controlled trials, EUPHAS 4 (early use of polymyxin B hemoperfusion in abdominal sepsis), ABDOMIX, 5 and EUPHRATES 6 (evaluation of polymyxin B hemoperfusion in a randomized controlled trial of adults with endotoxemia and septic shock), which nevertheless reported varying levels of efficacy in septic shock: 7, 8 Polymyxin B-immobilized fiber column direct hemoperfusion was associated with significant difference in 28-day mortality in the EUPHAS trial and post hoc analysis of the EUPHRATES trial, 9 but not in the ABDO-MIX or EUPHRATES trials. The efficacy of PMX-DHP in septic shock therefore remains controversial.
We propose that these variations could be explained by the timing of PMX-DHP initiation and/or infection site. The first PMX-DHP session was carried out within 24 h after abdominal surgery in the EUPHAS trial and within 12 h in the ABDOMIX trial. In the EUPHRATES trial, the mean time between randomization and intervention was 3.5 h, but no detailed PMX-DHP initiation time is given. Regarding infection site, in the EUPHAS and ABDOMIX trials, patients with intra-abdominal infection (IAI) were included, whereas, in the EUPHRATES trial, patients with high endotoxin activity assay (EAA) levels were included regardless of infection site: 35.2% with IAI and 35.9% with lung infection. The other studies also showed variations in patient groups and timing of PMX-DHP initiation. 7 Our present study investigated the effects of PMX-DHP on outcome in septic shock depending on initiation time and infection site (intra-versus extra-abdominal).
METHODS

Study cohort
T HE STUDY WAS undertaken at the intensive care unit (ICU) of Shiga University of Medical Science Hospital (Otsu, Japan) from May 2010 to March 2015. Septic shock patients in the ICU receiving PMX-DHP were eligible. Septic shock was defined according to the consensus definition of the American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference Committee. 10 We excluded patients younger than 18 years or who had undergone cardiac surgery or suffered cardiac arrest and also those not undergoing catecholamine treatment or i.v. fluid resuscitation with a bolus of 30 mL/kg within 3 h before PMX-DHP initiation. Patients were divided into four groups according to the interval between catecholamine treatment and PMX-DHP initiation, and further subdivided into two groups according to infection site, intra-or extra-abdominal (IAI/EAI). The study was approved by the Shiga University of Medical Science institutional review board (approval no. 29-167) and carried out in accordance with the principles of the Declaration of Helsinki (amended 2013). It was publicized by a protocol summary on the university website clearly informing of the patient's right to refuse participation.
Data collection
The following data were retrieved: demographic information including: age, sex, and ICU admission route; pre-existing conditions including hypertension, diabetes, chronic heart failure, chronic kidney disease, and hepatic cirrhosis; primary infection site and bacterial culture results; laboratory data including white blood cell count, C-reactive protein, ratio of partial pressure of arterial oxygen to fraction of inspired oxygen, and lactate; vasopressor dose on PMX-DHP initiation; and details of PMX-DHP and continuous renal replacement therapy (CRRT), including time from catecholamine treatment to PMX-DHP initiation, PMX-DHP duration and frequency, and concomitant use of CRRT. Illness severity was assessed using Acute Physiology and Chronic Health Evaluation (APACHE) II, and the severity of organ dysfunction or failure was expressed by the Sequential Organ Failure Assessment (SOFA) score on ICU admission. The vasopressor agent dose was expressed as vasoactive-inotropic score (VIS), 11 
RESULTS
T HE STUDY ENROLLED 62 patients during the observation period. The final 49 eligible patients were categorized into four groups of 12 or 13 each by quartile of interval ( Fig. 1 ). The median interval from catecholamine treatment to PMX-DHP initiation was 9 h (interquartile range, 6-29 h). Table 1 presents baseline clinical characteristics. The four groups showed no significant difference in age, SOFA score, APACHE II score, or pre-existing conditions, but did differ in the interval between catecholamine treatment and PMX-DHP initiation (P < 0.001). In the 90-day survival curves in Figure 2 , significant differences were noted between groups 1, 2, 3, and 4 in 90-day mortality (8.3%, 46.1%, 58.3%, and 75.0%, respectively; P = 0.021). The results of univariate and multivariate analyses are shown in Table 2 . The interval from catecholamine treatment to PMX-DHP initiation and APACHE II score were correlated with 90-day mortality (odds ratio 1.060, 1.117; 95% confidence interval [CI], 1.004-1.117, 1.021-1.221; P = 0.028, 0.015; Table 2 ). Table 1 shows differences in infection site and organism between the four groups. Specifically, the number of patients with lung infection was lower in group 1 (groups 1, 2, 3 and 4: 8.3%, 30.6%, 33.3%, and 25.0%, respectively). To assess the resulting impact on the efficacy of early PMX-DHP initiation, we divided the patients into two groups according to infection site, intra-or extra-abdominal, and evaluated the efficacy of early PMX-DHP initiation in each group.
Given the median interval of 9 h from catecholamine treatment to PMX-DHP initiation, we divided the 29 IAI patients into an early group (within 9 h, n = 15) and a late group (>9 h, n = 14) ( Fig. 3 ). No significant intergroup differences in age, SOFA score, APACHE II score, or pre-existing conditions were noted (Table 3) , but the total number of patients undergoing emergency operation or drainage did differ significantly (P = 0.034). In the 90-day survival curves in Figure 4A , the early group had significantly lower 90-day mortality (13.3% versus 64.2%; P = 0.003).The results of univariate and multivariate analyses are shown in Table 4 . The interval from catecholamine treatment to PMX-DHP initiation was associated with 90-day mortality (odds ratio 1.058; 95% CI, 1.000-1.119; P = 0.049) ( Given the median interval of 9 h from catecholamine treatment to PMX-DHP initiation, we divided the 20 EAI patients (Figure 3 ) into an early (within 9 h, n = 10) and a late group (>9 h, n = 10). No significant intergroup differences in age, SOFA score, APACHE II score, or pre-existing conditions were noted ( Table 2 ). In the 90-day survival curves in Figure 4B , the two groups had similar 90-day mortality (50.0% versus 70.0%; P = 0.564), and the interval from catecholamine treatment to PMX-DHP initiation was not associated with 90-day mortality (odds ratio 1.119; 95% CI, 0.936-1.338; P = 0.217) ( Table 4 ).
DISCUSSION
P REVIOUS STUDIES OF the timing of PMX-DHP initiation have reported that early initiation could reduce mortality in septic shock patients or reduce catecholamine requirement. 13, 14 However, there have been no reports that differentiated according to infection site (IAI/EAI) and evaluated the effectiveness of early PMX-DHP initiation. Our results suggested that initiation of PMX-DHP therapy within 9 h after catecholamine treatment produces a survival benefit in septic shock with IAI.
First, we divided all study patients into four groups according to the interval between catecholamine treatment and PMX-DHP initiation and we noted the efficacy of early initiation (Fig. 2) . However, although the proportion of abdominal infection patients was similar in all four groups, the number of patients with lung infection was lower in group 1 than other groups, and the number who had undergone emergency surgery or drainage was lower in groups 1 and 2 than groups 3 and 4. We therefore assumed that infection site correlated with different group characteristics, such as SOFA score, catecholamine requirement (VIS), and organisms, and proposed that these differences influenced the efficacy of early PMX-DHP initiation. We therefore divided the patients into two groups according to infection site, intra-or extra-abdominal, and evaluated the efficacy of early initiation in each group. This subanalysis showed that early PMX-DHP initiation produces a survival benefit in septic shock with IAI, suggesting that a differentiation by infection site, especially IAI and EAI, is necessary when considering the effect of PMX-DHP.
One possible explanation for the effect of early PMX-DHP initiation in septic shock could be catecholamine reduction due to PMX-DHP. Table 1 shows that VIS on PMX-DHP initiation in group 1 was lower than in other groups. We therefore compared the reduction in (Table 1) . We therefore carried out univariate and multivariate logistic regression analyses and found that early PMX-DHP initiation was significantly associated with 90-day mortality (Tables 3 and 4 ).
These results suggest that reduction of catecholamine might help to prevent organ failure, resulting in reduced mortality. Another possible explanation is endotoxin tolerance of monocytes. Previous research has established that the function of a monocyte shifts from a pro-inflammatory to an immunosuppressive phenotype within a few hours after exposure to lipopolysaccharide. 15, 16 Based on these data, we propose that initiation of PMX-DHP before development of endotoxin tolerance could be the most effective strategy to control endotoxin and inflammatory mediators.
The survival rate in the present study was somewhat higher than in other studies. A possible explanation is PMX- DHP duration. In previous randomized controlled trials, the target duration for each PMX-DHP was 2 h. In our ICU, PMX-DHP was typically given in one session for 24 h.
Recent research suggests that PMX-DHP is able to adsorb endotoxin for longer than 2 h 17 and that prolonged PMX-DHP treatment is effective in improving hemodynamics in severe sepsis or septic shock. 18, 19 Taken together with our data, this indicates that early initiation and prolonged treatment could influence PMX-DHP efficacy in septic shock. A possible reason for the absence of a survival benefit from early PMX-DHP initiation in septic shock with EAI could be patient selection and/or use of a single session of PMX-DHP. There could have been fewer patients with endotoxemia who benefited from PMX-DHP among the EAI patients than among the IAI patients. Indeed, in the present study, the number of cases with Gram-positive bacteria was higher among the former (40.9% versus 29.0%). Marshall et al. showed that endotoxin levels were also increased in cases involving Gram-positive infections. 20 It was difficult to distinguish the EAI patients with endotoxemia in the present study as EAA was not measured. Another possible reason for the lack of improved outcome is that EAI patients might need two PMX-DHP sessions. The catecholamine requirement (median VIS) at 24 h after PMX-DHP initiation was 10.0 in IAI patients and 21.0 in EAI patients, suggesting that a single PMX-DHP session is insufficient to improve hemodynamics in EAI patients. Two PMX-DHP sessions might offer a survival benefit in EAI patients and this possibility needs further investigation.
Several limitations of the present study need to be considered. First, the retrospective design and small number of patients limited its power. Given the retrospective design, it is possible that the early PMX-DHP initiation group included patients who would have improved without PMX-DHP and that the late initiation group included patients who had failed to respond to any prior treatment. These factors could cause a large survival bias. Our results therefore indicate only a possible association between early PMX-DHP initiation and mortality in septic shock. A larger-scale study on adaptive patients over an appropriate period is therefore needed to clarify whether early PMX-DHP initiation of PMX-DHP has a measurable survival benefit in septic shock. Second, the study groups differed in terms of certain baseline characteristics, such as lactate level on PMX-DHP initiation and admission route. These differences are likely to be associated with the interval between catecholamine treatment and PMX-DHP initiation. Patients from hospital wards received operation or PMX-DHP promptly, but patients from other hospitals experienced a delay and therefore had a higher lactate level at PMX-DHP initiation. Moreover, within the IAI group, there were significant differences in the number of patients undergoing emergency operation or drainage, but no significant difference in illness severity as measured by APACHE II and SOFA scores. Finally, we were unable to determine the exact time of sepsis onset retrospectively. For study purposes, we took the time of catecholamine treatment as the basis. The study nevertheless showed that, when using PMX-DHP, the timing of initiation is important. Specifically, PMX-DHP should be initiated as soon as possible after sepsis is diagnosed. 
